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Abstract:  The  optical  absorption  of  single  crystals  of  synthetic  rutile  was  in' 
vestigated  in  the  spectral  range  from  1200  to  25,000  cm  *  and  from 
room  temperature  to  1000°C.  | 

The  electronic  absorption  exhibits  dichroic  oehavior.  j  The  ejge 

i 

moves  toward  lower  energies  as  temperature  is  increased,  with  the 

l 

‘  .  I 

shift  depending  upon  the  absorption  coefficient;  for  a  dccadiii  absorption 
coefficient  (a1)  of  4U0  cm  ^  the  shift  is  7,1x10  *  ev/°K,  while  at  1  cm  * 
it  is  9.5x10  ^  ev/uK.  The  broad  band  in  the  region  of  b850.cm  \  which 
occurs  in  reduced  rutile,  does  not  appear  in  fully  oxidized  rutile,  even 
at  high  temperature.  , 

At  high  temperatures  an  additional  wavelength-independent  ab¬ 
sorption  appears  which,  by  applying  the  Drude-Zener  theory  of  free 
carrier  absorption,  can  be  correlated  witn  good  agreement  to  d-e  con¬ 
ductivity, 

New  bands  in  the  3300  cm  ^  region  are  shown  to  stem  from  O-H 

valence  vibrations.  The  main  bands  are  unusually  sharp,  with  peaks  at 

3277  and  3322  cm  1  and  half-widths  of  28  and  13  cm  *,  respectively; 

Based  in  part  on  a  thesis  submitted  in  partial  fulfillment  of  the  requirements 
for  the  Degree  of  Master  of  Science  in  Ph,  sics  at  the  Massachusetts  Institute 
of  Technology. 

f  Present  address:  Hughes  Aircraft  Co.,  Culver  City,  Calif. 
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a  satellite  structure  of  combination  and  difference  oands  was  also  detected. 
Deuterium  substitution  causes  an  absorption  at  2442  cm  K  The  entire 
structure  shows  a  marked  dependence  of  the  absorption  on  the  polarization 
direction  of  the  light.  Some  evidence  is  presented  that  these  O-H  groups 
cause  a  dielectric  dispersion. 

Changes  in.  carrier  density  were  detected  in  transmission  measure¬ 
ments  on  a  current-carrying  crystal. 

Introduction 

The  Laboratory  for  Insulation  Research  is  engaged  in  comprehensive  re¬ 
search  on  charge -carrier  mobilization  and  motion.  The  present  investigation 
is  part  of  this  program  and  especially  concerned  with  the  effect  of  temperature 
on  the  electronic  behavior  of  dielectric  materials,  as  revealed  by  spectroscopy. 

Rutile  hat'-  been  under  scrutiny  in  the  Laboratory  for  a  number  of  years 

1-4) 

Studies  '  on  the  dielectric  behavior  of  TiO^  ceramics  and  single  crystals  as 

a  function  of  frequency,  field,  and  temperature,  and  an  investigation  of  the  elec- 

5) 

trical  and  optical  properties  of  single  crystals  '  have  been  published.  Elec¬ 
trical  evidence  indicates  that  at  higher  temperatures  a  thermal  transfer  of  elec- 
C  -  44 

trons  from  O  to  Ti  takes  placi  if  a  purely  ionic  description  is  chosen.  Elec¬ 
tronic  conductivity  could  then  be  explained  by  electron  exchange  between  Ti^  + 

4+ 

and  Ti  ,  possibly  accompanied  by  hole  transfer  in  the  oxygen  structure  of  the 

1)  A.  von  Hippel  et  al.,  NDRCi'Rep.  VLL  Aug.,  1944,  and  Rep.  XL  Oct,,  1945, 
Lab.  Ins.  Res.  ,  Mass.  Inst.  Tech. 

2)  A.  von  Hippel,  R.G.  Breckenridge,  F.  G.  Ghesley,  and  L.  Tisza,  Ind.  Eng. 
Chore.,  38,  1097  (1946), 

3)  A.  von  Hippel,  Revs.  Mod.  Phys.  22 ,  221  (1950). 

4)  K.  G.  Srivastava,  Tech.  Rep.  127,  June,  1  ^ 58;  Tech,  Rep.  139,  June,  1959; 
Progr.  Rep.  No,  XXI,  p.  12,  Lab.  Ins.  Res.,  Mass.  Inst.  Tech, 

5)  D.  C.  Cronemeyer,  Phys.  Rev.  8_7,  87o  (1952). 


lattice.  The  electronic  transfer  would  se  analogous  to  the  well-kncwn  electron 
exchange  between  ferrous  and  ferric  ions  located  on  octahedral  lattice  sites  in 
magnetite-  ^  In  the  case  of  rutile,  enough  of  these  carriers  might  be  transfer¬ 
red  at  sufficiently  high  tempt  rature  to  permit  observation  of  transitions  from 
these  excited  states  and  new  ahsorpiiors.  Simultaneously,  the  increased  lattice 
vibrations  should  shift  and  broaden  the  whole  system  of  original  levels.  K  might 
also  be  possible  to  observe  changes  in  absorption  due  to  injected  carriers. 

It  was  found  previously'1  ^  that  in  order  to  explain  the  negative  temper¬ 
ature  coefficient  of  the  dielectric  constant  as  well  as  other  propertiss,  one  had 
to  assume  that  TiO^  is  not  purely  ionic  but  a  transition  case  between  polar  and 
nonpolar  binding.  A  discussion  of  the  crystal  structure  of  rutile  (.etragonai: 
P^/rnnm)  and  a  review  of  its  optical  properties  hnve  been  presented  by  Crone- 
roeycr.5)  No  adequate  calculations  of  the  electronic  structure  of  the  rutile 
lattice  by  band  theory  exist.  Cronemeyer  succeeded  in  correlating  the  low-tem¬ 
perature  threshold  of  optical  absorption  at  3.03  ev  with  the  activation  energy  of 
high-temperature  conductivity  and  the  maximum  photoconductivity  response. 
Certain  absorptions  attributed  by  him  to  impurities  in  the  lattice  appear  to  be 
spurious  (i.e,,  they  were  probably  caused  by  changes  of  prisms  and  instru¬ 
ments).  In  reduced  rutile  Cronemeyer  correlated  vacant  oxygen  sites  with  con¬ 
ductivity  data  and  a  broad  band  at  about  1.  85  p,  using  a  model  of  heliumliVe 
atoms  modified  by  the  dielectric  environment. 

A  temperature  study  of  the  eigenabsorption  edge  was  made  by  Cronemeyer 
from  4000  to  5400  A  between  4.2°  and  775°K.  These  data  indicated  a  general 
shift  of  the  band  edge  toward  lower  energies  at  the  rate  of  6.3x10  *  «"/°K,  with 
an  absorption  coefficient  of  about  30  cm  except  for  an  anomalous  shift  toward 
longer  wavelengths  as  the  temperature  was  reduced  to  near  4°K.  (The  only 
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other  optical  temperature  study  o f  r  .tile  is  SchrBder's"^  work  on  the  decrease 
of  the  two  refraction  indices  of  natural  red  rutile  crystals  with  increasing  tem¬ 
peratures  from  25°  to  6tsO°C  in  a  wavelength  range  from  0.7  to  0.5  g.) 

A  second  long-range  investigation  of  the  Laboratory  concerns  dielectric 
relaxation  spectra.  Originally  such  spectra  were  analyzed  according  to 
Debye's*^  model  of  dipoles  rotating  with  high  frictional  damping.  Frequently, 
however,  dipole  orientation  by  rotation  is  inconceivable  while  orientation  by 

inversion  might  still  occur,  as  for  example  in  the  shifting  of  hydrogen  bonds 

9 )  '■ 

or  of  polar  molecular  or  atomic  groups.  '  In  addition,  a  new  kind  of  dipole, 
connected  with  crystalline  lattice  defects,  has  been  invoked  to  explain  dielec¬ 
tric  spectra. Optical  absorptions  associated  with  lattice  defects  have  been 
observed,  for  instance,  in  neutron-irradiated  silicon.  ^  Dielectric -inversion 

spectra,  due  to  polar  centers  of  some  kind,  have  been  found  in  synthetic  single 

4  121 

crystals  of  TiO^  under  certain  conditions.  ’  '  H  appeared  important  to  cor¬ 

relate  these  spectra  with  possible  optical  manifestations  of  such  polar  centers, 
Our  measurements,  as  here  presented,  cover  a  wavelength  range  from 
the  electronic -absorption  eege  near  24,000  cm  ^  to  1200  cm  ,  the  tail  of  tne 
highest  infrared  vibration  band.  Special  attention  was  paid  to  the  broad  band  in 
reduced  rutile  and  to  a  region  near  3  because  the  activation  energy  cf  the 

7)  A.  Schrttder,  Z.  Krist.  67_,  435  (1928). 

8)  P.  Debye  "Polar  Molecules,"  Chemical  Catalog  Co.,  New  York,  lc..29, 
Chap.  5. 

9)  A.  von  H.ppcl,  Progr.  Rep.  No.  XXI,  Lab.  Ins.  Res.,  Mass.  Inst.  Tech., 
p.  3. 

10)  R.  G.  B?  eckenriuge ,  J,  Chem.  Phys.  _1£,  913  (iyvo). 

11)  M.  Becker,  H.  Y.  Far.,  and  K.  Lark-Horovitz,  Phys.  Rev.  85_,  730  (1952). 

12)  Y.  L.  Sandler,  Progr,  Rep.  No,  XVII,  Lab.  Ins.  Res.,  Mass.  Inst.  Tech., 

p.  16. 
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dielectric  dispersion  suggested  the  possibility  of  finding  an  absorption  there.  The 
measurements  in  our  investigation  range  from  rc  La.  temperature  to  1000°C. 

Sample  Preparation  and  Measurement  Techniques 
Sample  preparation 

Boules  of  rutile,*  grown  by  flame  fusion,  were  oriented  by  back-reflection 
Laue  X-ray  pictures  to  within  one  degree  and  cut  with  a  diamond  saw  into  slabs  of 
various  sizes.  The  samples  were  polished  by  hand  and  specimens  ranging  in  thick¬ 
ness  from  18  mm  to  30  p  prepared.  With  thick  specimens  the  light  between  crossed 
polarizers  could  not  be  extinguished  and  the  optical  axis  figure  appeared  biaxial. 
This  strain  was  not  discernible  with  X  rays  since  the  latter  penetrate  only  a  short 
distance  into  TiO^. 

One  of  the  boules  exhibited,  in  addition  to  strain  birefringence,  a  doubling 
of  the  Laue  spots  on  (100)  faces  (perpendicular  to  the  a  axis).  For  example, 
points  (000)  appeared  as  two  parallel  lines,  indicating  that  this  crystal  was  really 
not  single  but  had  a  twinned  structure  with  an  angle  of  about  3°50'.  This  effect 
was  not  visible'on  (001)  faces  (perpendicular  to  the  c  axis). 

Light  scattering,  caused  by  polishing  marks  and  crystalline  imperfections, 
can  falsify  the  value  of  a  when  the  mismatch  in  index  of  refraction  between  ma¬ 
terial  and  imbedding  medium  is  large.  This  is  the  case  for  rutile  with  its  high 
anisr.tropic  index  of  refraction  (e.  g. ,  n^  =  2.  “4  and  n  M  'a  3.  08  at 0.  48  ji;  i  and 
II  refer  to  the  orientation  of  the  electric  vector  in  reference  to. the  optical  axis). 
Hence,  especially  careful  polishing  is  required. 

During  the  course  of  the  study  it  became  necessary  to  oxidize  and  reduce 
rutile  and  at  one  time  to  introduce  deuterium  into  it  by  heating  the  crystals  to 
high  temperatures  in  appropriate  atmospheres.  For  this  purpose  the  samples 
v.ere  placed  in  alumina  boats  in  a  Vycor  tube  ar.d  heated  up  to  110U°C.  It  is  known 

*Our  boules  courtesy  of  Dr.  C.  H.  Moore  of  the  National  L«ad  Co.,  Titanium 
Division,  Bouth  Arr'-oy,  N.  J. ;  some  others  were  purchased  from  Linde  Air 
Products  Co.  .  Speuuway  Laboratories,  Indianapolis,  Ind. 
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that  the  redaction  is  nearly  reversible,  when  rot  carried  too  far,^'  ^  by  heating 

in  oxygen.  Since  rutile, will  reduce  in  vacuum  or  even  in  air  at  sufficiently  high 

temperature,  the  partial  pressure  of  oxygen  had  to  be  kept  high.  This  may  also 

14) 

be  inferred  from  measurements  '  of  the  conductivity  as  a  function  of  oxygen 
pressure  at  elevated  temperature  in  the  range  of  >  30  mm  Hg  where  a  CC  t>Q/a 
with  o  •»  4.  3. 

Instrumentation 

Absorption  spectra  were  investigated  primarily  vith  a  Beckman  IR-3 

spectrophotometer  using  CaF^  prisms  {spectral  range  25,  000  to  ca.  1200  cm  '). 

15) 

Line  spectra  of  gasea  accurately  measured  on  grating  instruments  '  served  for 
calibration.  To  detect  any  drift  in  the  instrument  adjustment,  the  spectra  of 
water,  carbon  dioxide,  and  mercury  vapors  were  recorded  as  a  secondary  cali¬ 
bration.  The  use  of  a  chopped  light  beam  (10  cps)  made  it  possible  to  measure 
the  absorption  of  heated  samples  by  eliminating  thermal  background  radiation.  • 
The  beam  was  chopped  in  front  of  the  sample  close  to  the  light  source.  -Stray 
light  was  negligible  over  the  entire  spectral  range. 

.  Thrie  signal  detectors  of  various  spectral  ranges  were  used:  a  Golay 

cell  from  1000  to  14,  000  cm  *  in  combination  with  a  Nernst  glower;  a  photo  - 

-1  -1 

multiplier  from  14,  000  cm  to  25,vi0Q  cm  in  conjunction  with  a  tungsten  lamp; 
and  a  PbS  cell  from  12,  500  to  3600  cm  whith  gave  increased  sensitivity, 
especially  when  cooled  with  solid  CO^. 

Some  measurements  were  made  with  a  Cary  Model-12  spectrophotometer, 
which,  as  a  quarta-prism  double  monachrometcr ,  affords  more  resolution  than 
CaFj,  in  the  region  of  Zb,  000  cm 

13)  N.  Nasu,  Science  Repin.  Tohoku  Imp.  Univ,  [  l]  Zb,  510  (1936). 

14)  M.  D.  Earle,  Pays.  Rev.  _61,  56  (1942). 

15)  A.  R,  Downie,  M.  C.  Magoon,  T.  Purcell,  and  B.  Crawford,  Jr.,  J,  Opt. 
Soc.  Amer.  43^  941  (1953). 


Auxiliary  equipment 


The  cell  used  in  the  high-temperature  study  is  shown  in  Fig.  1.  A  Bmall 
alumina  tube  wound  with  platinum  heater  wire  is  inserted  in  a  water  - eoolcd 
steel  tube  insulated  with  Sil-0*Cel;  the  furnace  ends,  made  of  Transite,  sup¬ 
port  the  alumina  tube  and  the  windous.  The  furnace  is  suspended  from  a  steel 
plate  by  two  hollow  bolts  that  carry  the  electrical  leads  for  the  heater. 

Thin  samples  were  placed  between  two  pre-cnmped  platinum  foils  cut 
out  over  a  portion  of  the  specimens'  faces.  The  foil,  serving  both  as  holder  and 
mask,  was  placed  over  the  hole  of  an  Al^Q^  plate  and  laced  on  with  fine  platinum 
wire.  Large  samples  were  mounted  in  tubular  holders  made  from  fire  brick. 
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Fig.  1,  Cross  section  of  high -temparat  ur  e  optical  absorption  cell. 


For  simultaneous  measurement  of  the  dielectric  and  optical  properties 
of  a  crystal,  a  special  type  of  holder,  shown  in  Fig.  2,  was  used.  Before  each 
run  the  cell  was  dried  and  outgassed  at  high  temperatu  -:e  to  avoid  window  con¬ 
tamination.  Some  measurements  were  made  at  liquid -nitrogen  temperature  in 

_  rt' _ -  -_ii 

B  l>t  tt  B  I  Wit  pt  V.  H  UU  J  l  J  UV  O  V  1  IL/l  Ul 


Fig.  2.  High-temperature  sample  holder. 
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An  external  focusing  optical  system  was  employed  in  absorption  and 
electro -optical  experiments.  This  system  (Fig.  3}  permits  optical  masking 
of  any  portion  of  the  sample  and  its  surroundings,  and  thus  allows  correction 
for  furnace-window  contamination. 

For  polarization  measurements  in  the  visible  region  Polaroid  disks  «nd_a 
Nicol  prism  were  used.  In  the  infrared,  four  sheets  of  AgCl  at  the  Brewster 
angle  provided  90  percent  polarization. 


Representation  of  Data 

The  recording  spectrophotometer  measures  the  transmittance  T,  the 
ratio  of  transmitted  to  incident  light  intensity 


T  _  1  ~  U  -  R)2  e~°d, 

'  To  ~  1  -  R  ■  e*253 


(1) 


The  equation  holds  for  a  <  10^  cm  R  is  the  ratio  of  reflected  to  incident  in¬ 
tensity;  interference  effects  are  neglected.  The  reflectivity  R  is! 


(n  +  l)2 


(2) 
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Fig.  3.  External  optical  plan  for  high-temperature  experimentation. 
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in  Phys.  19,  107  (lybt). 


17  H,  Y.  Fan,  Repts,  Progr 


where  -h  -  nk/4r.  For  small  (ad),  Eg.  (1)  redaces  to 


r  = 


1  -  R 
1  +  R 


(3) 


and  fur  large  (art),  to 


r  S  (1  -  R)c  e  'au  =  (1  -  10 

-l.i) 


-a'cl 


(4) 


Von  Hlppel  and  associates  ’  '  made  an  analysis  of  the  reflection  data  of  Liebisch 
and  Kubens^^  to  obtain  the  values  of  n  and  £,  Crontmeyer^  correlated  these 
values  of  n  tu  values  n. ensured  by  nth«.rs  ':'.d  extended  then  measurement  with 
a  small  prism  to  4359A,  Thus,  using  Eqs.  (1)  to  (4)  one  car,  calculate  reflection 


loss  and  obtain  the  true  absorption  coefficient. 


\ 


Results 

The  genera!  features  of  the  absorption  near  the  electronic  edge  of  .dam- 

pic  4  (thickness  Id.ii  ir.m,  transmission  II  to  c  axis)  are  shown  in  the  upper 

* 

curve  of  Fig.  4,  This  spectrum  corresponds  in  general  to  previously  reported 
work  with  a  gradual  rise  in  absorption  before  the  sudden  rise  at  the  edge  of 

the  eigenubsorption.  The  tail  can  be  explained  by  imperfections  and  may  be 

19) 

uue  to  indirect  transitions. 

.Supori  reposed  is  3  small  residual  absorption  at  0.5b  y  wil'n  a  maximum 
decadiv  coefficient  a‘  <  0.  Oi  cm  .  Replotling  the  upper  curve  of  Fig.  4  loga¬ 
rithmically  (Fig.  5)  makes  its  shape  independent  of  sample  thickness.  The 
curvature  oi  th.a  -v'  a<  -eristic  is  a  measure  of  the  speed  with  which  the  absorp¬ 
tion  grows  as  the  band  is  approached.  Now  an  inflection  point  appears  near 
!9,  000  cm’*  end  the  exustence  of  a  band  at  IV.  900  cm  ^  seems  doubtful. 

A  curve  showing  the  theoretical  reflection  loss  is  also  included  in  Fig.  5 
for  the  region  of  small  absorption;  ii  is  apparent  that  the  absorption  is  higher 


18)  Tli,  Liebisch  and  H.  Rubens,  Sitzber.  preuss.  Akad.  Wiss.  3,  211  (1921). 
*  Bffore  annealing  in  O^,  cf.  p.  14. 

19)  L.  H.  Hall,  J.  Bardeen,  and  F.  J.  Biatl,  Fhys.  Re  n  95,  559  (1954). 
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Fig.  4.  Absorption  of  rutile  Sample  4  (18.  3 Z  mm  thick). 


and  rises  faster  than  explained  by  reflection  alone. 

The  spectrum  as  recorded  op.  the  LR-3  spectrophotometer  from  14,  OUU 
to  1800  cm  ^  (Fig.  6)  gives  the  absolute  transmission  assuming  that  outside 


of  the  absorption  band  the  transmission  is  determined  entirely  by  reflection 
loss.  The  tail  of  the  first  infrared  vibration  band  makes  its  appearance  at 
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2700  cm  *.  The  exciting  feature 
is  the  very  narrow  absorption  near 
3300  cm  \  with  its  satellite  struc¬ 
ture,  which  includes  the  absorption 
at  4340  cm  *.  The  main  absorption 
is  shown  in  more  detail  in  Fig.  7 
(effective  slit  width  <  7  cm  * 
th  rough  this  region).  There  is  a 
large  peak  with  an  absorption  maxi¬ 
mum  at  3277  eta  *  (peak  absorption 

coefficient  o'  =  0.  78  cm  )  and  a 

.1 

sharp  side  band  at  3322  cm  ,  A 
graphical  separation,  as  Burning  har  ¬ 
monic  oscillator  shape, gives  28  cm 
for  the  half-width  of  the  former  and 
13-cm  1  for  that  of  the  latte.'  band. 
The  peak  absorption  a1  at  3322  cm  *, 


Fig.  7.  Infrared  spectrum  of  Sample  4 
in  the  3300  cm"'  region. 


corrected  for  finite  slit  width,  is 

about  0.43  cm  *.  (It  can  be  shown*^’  that  for  a  slit  width  equal  to  the  true 
band  width  the  measured  absorption  coefficient  will  be  0.  7  of  the  true  peak,) 

-1 

There  are  two  shoulders  on  the  iong  wavelength  tail,  at  3070  and  3170  cm  . 
On  the  short  wavelength  side  structure  may  exist  but  the  presence  of  atmospheric 
water  bands  begins  to  cause  a  residual  distortion  ft  om  about  3420  to  3950  cm  , 
ooscuring  the  detailed  structure. 

The  3300-cm  *  region  was  also  examined  at  the  temperature  of  liquid 


20)  X.  S.  Gibson,  Natl.  Burtau  Standards:  Circular  484,  1949. 
2  1)  U.  A.  Ramsay,  J.  Am,  Chem.  Soc.  7_4,  72  (1952). 
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nitrogen.  The  entire  structure  shitted  to  shorter  waveleiig'hs  by  12  cm  S  no 
new  absorptions  appeared  but  the  old  one  was  sharpened. 

The  absorption  proved  very  sensitive  tb  the  direction  of  polarization.  Be- 
caune  of  the  limited  efficiency  of  the  polarizer  and  the  strains  in  the  crystals, 
no  absolute  value  of  the  effect  can  be  given,  but  the  entire  structure,  including 
the  band  at  4340  cm  behaves  identically  and  the  absorption  coefficient  is  at 
least  seven  times  oreater  for  E  X  c  than  for  E  II  c. 

An  attempt  was  made  to  remove  the  band  by  heating  in  oxygen  for  thirty 
hours  at  1QOO°C,  No  significant  change  resulted  except  for  a  slight  drop  in  ab¬ 
sorbance  near  the  edge  (cf.  the  lower  curve  of  Fig.  4)  including  removal  of  the 

5 

bump  near  0.56  u.  Cronemeyer,  in  contrast,  found  an  increased  absorbance 
near  the  edge  in  his  crystal  after  similar  treatment.  -  ! 

Certain  atomic  and  molecular  groups  create  characteristic  bands  in  par-  . 
ticular  environments.22)  The  band  in  the  region  3300  cm  1  lies  in  the  O-H 
stretching  region  and  suggests  the  presence  of  O-H  groups  in  the  crystal.  To 
test  this  hypothesis,  deuterium  was  introduced  in  substitution  for  H.  Heating 
in  gaseous  deuterium  caused  difficulties'  the  specimen  reduced  and  a  very 
broad,  d.-pse  band  appeared,  completely  obscuring  the  region  of  interest 
(Fig.  3).  To  substitute  as  much  deuterium  as  possible  without  severe  reduc¬ 
tion,  heating  above  900°C  for  short  times  (less  than  1  minute)  was  found  neces¬ 
sary.  Now  a  new  absorption  at  2442  cm  ^  appeared  in  these  deute/ated  speci¬ 
mens.  This  is  in  the  expected  region  and  the  bands  were  of  the  same  shape  as 
the  previous  ones.  However,  the  over-all  opacity  caused  by  reduction  made. ob¬ 
servation  of  the  line  structure  impossible. 

In  the  course  of  this  9tudy  it  was  found  that  the  O-H  band  in  the  330u-cm  * 
region  could  be  removed  by  strong  reducing  followed  by  re -oxidizing  of  the  speci- 

22)  L.  J.  Bellamy,  "The  Infrared  Spectra  of  Complex  Molecules,  "  Methuen  and 
Co.,  London,  !?54. 
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Wave  number  (cm'1 ) 

Fig,  8.  Broad  absorption  caused  by  weak  reduction 
of  Sample  3,  0.  52  mm  thick, 

men.  Simply  exposing  a  crystal  to  oxygen  at  high  temperatures  tor  long  pe¬ 
riods  of  time  had  no  ouch  effect. 

The  broad  band  appearing  in  weakly  reduced  TiO^  (cf.  Fig.  8)  extends 
from  the  nearest  vibrational  band  to  the  electronic  edge.  In  our  case  the  mini¬ 
mum  transmission  occurs  in  the  region  of  6850  cm  ^  (1.4b  \i);  Cronemeyer^ 
reported  a  slightly  different  value,  5405  cm  ^  (1.85  p).for  this  sample. 

In  order  to  determine  whether  high  temperature  3lo:ie  would  produce 
such  a  band  (or  any  new  absorption)  in  fully  oxidized  rutile,  high-temperature 
spectra  were  taken.  Figure  9  refers  to  a  sample  of  0.  52  mm  between  c  faces. 
(The  observed  regions  marked  "H^O"  and  "CO^"  were  caused  by  vapors  in  the 
ceil;  at  high  temperatures  their  absorption  modifies  and  broadens.)  The 
i r aii&rriiitanCe  values  ?rr  not  tc  be  considered  absolute  because  slight  changes 
in  equilibrium  position  of  the  liigi, -index  sample  at  the  various  temperatures, 
and  differing  degrees  of  window  contamination  occur.  However,  it  is  evident 
that  no  absorption  corresponding  to  the  reduction  band  appears. 


-  It)  - 


E  _L  c 
70 
60 
SO 

40 


70 

60 

30 
C 

0  40 
w  70 

•’  60 

£  90 
y> 

c  40 
o 

-  70 
H  60 
0<  SC 
40 
60 
SO 

40 

10,000  8000  6000  4000  20CC 

Wove  number  (cm'1) 

Fig,  9.  Infrared  absorption  spectra  of  ■'ample  1  (0.52  mm  thick). 
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Figure  10  shows  the  shift  of  the  cigenabsorption  edge  for  temperatures 
up  to  1000°C  forthe  case  E  i.  c;  the  shift  for  E  11  c  is  identical  within  the  er¬ 
rors  of  the  high-temperature  experiment.  The  theoretical  reflection  loss  is 
plotted  as  one  curve  only.  As  SchyHrfej*^  has ‘Shown,  the  indices  of  both  the 
ordinary  and  e.ttr aordinary  rays  change  only  slightly  with  temperature. 
(According  to  his  data,  the  reflection  loss  at  6791A  and  600°C  produces  67.0 
and  62 . 0  percent  transmission  for  E  J.  c  and  E  II  c,  respectively,  whereas  at 
room  temperature  66.7  and  61.5  percent  result.) 


Transmission 
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Wave  number  {crr,'"i 

Fig.  10.  Absorption  spectrum  of  Sample  6  (29.  5  ji  thick) 
as  function  of  temperature. 


Tn«  spectra  in  Fig.  10  refer  to  a  sample  of  29.  5-u  thickness..  The  rate 
of  change  of  the  edge  position  must  be  measured  in  the  region  of  high  absorption 
where  the  curves  become  almost  parallel  and  the  errors  introduced  by  the  ver¬ 
tical  translations  are  negligible.  At  an  absorption  coefficient  a’  of  400  cm  *  *he 
average  shift  for  both  E|c  and  E  li  c  is  7.1  xlO  ev/  K  toward  longer  wave¬ 
length. 


Transmission 
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Tig.  11,  Absorption  spectrum  ot  Sample  5  (11.94  mm  thick) 
as  function  of  temporal!  re. 

Figure  11,  for  a  sample  tiuckness  of  11.94  rr.m  (E  II  c),  shows  that  at  an 
absorption  coefficient  o'  of  about  1  cm  *  the  average  rate  of  shifting  of  the  edge 
is  9.‘ixl0'4  ev/°K. 

For  absolute  values  of  transmission  at  high  temperatures  in  the  infrared, 
the  optical  system  of  Fig.  3  was  used.  A  portion  of  the  results  for  the  case 
E  II  c  is  shown  in  Fig.  1<2.  The  general  shape  is  that  already  shown  in  Fig.  9, 
but  now  a  marked  achromatic  drop  in  transmission  at  !000°C  can  be  observed. 
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Infrared  absorption  spectra  for  ataoima -i'rce  rutile  sample 
(path  length  8.52  mm)  as  function  of  temperature. 
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represent  inp  an  increase  of  absor  pt  ion  coefficient!  da'  =  0.42  +^0.02  cn'  .  At 
80GUC  there  is  already  a  slight  increase  of  absorption  coefficient:  u»'  =  0.03  + 
0.02  cm."*  Re -examination  after  the  heating  experiment  at  room  temperature 
revealed  a  slight  over -all  drop  in  transmission  from  the  starting  value: 
a a:  =  0 .  Oo  t  ij .  02  cm  '.  probably  due  to  a  slight  contamination  bv  Pt  at  elevated 
temperatures. 

Miscellaneous  observations 

Dichroism  of  the  electronic  absorption  edge  has  not  been  previously  noted 
in  the  literature.  Here  we  observed  an  effect  as  shown  in  Pig.  13.  .  The  edge 
for  EXc  occurs  at  an  energy- 
lower  than  for  E  II  c,  when 
instrumental  polarization  ef¬ 
fects  are  avoided.  (A  Nicol 
prism  was  used  because  it 
has  a  flat  transmission  char¬ 
acteristic  in  she  region  of 
interest;  both  sets  of  measure 
merits  were  taken  through  a 
single  pair  of  "a"  faces  to  ob¬ 
viate 
i sh. ) 

Very  preliminary  meas- 

23, SCO  23.600  23.3CC  23.000  2  3, ?CO  2  3  SCO  23.0-3 

urements  were  made  of  the  in-  ...  , 

fluence  of  electric  current  on 

the  opiical  transmission  in  Pig.  13.  Dichroism  of  absorption  coefficient  of 

alumina -free  rutile  sample  (path 
an  8.5-mm  crystal  cube  at  length  8  52  mm). 

1000°C  for  several  wave  lengths.  A  variety  of  effects,  superimposed  on  a  general 
slow  drift  toward  smaller  transmission,  were  observed.  Systematic  studies  of 
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these  effects  are  in  progress. 


Discussion 


The  most  striking  feature  of  the  high-temperature  spectra  of  rutile  is  the 
large  shift  in  the  optical  absorption  edge.  Fan  '  reviewed  the  theories  explain¬ 
ing  this  phenomenon  -  all  of  which  invoke  the  effect  of  lattice  vibrations  either 
in  shifting  or  broadening  the  energy -gap  levels.  Macroscopically,  the  temper 
ature.  variation  if  the  gap,  exclusive  of  the  dilation  effect  of  the  lattice,  should 
be  given  by  an  expression,  containing  the  change  of  the  energy  gap  with  temper¬ 
ature  at  constant  pressure,  which  has  been  measured  here,  and  oy  terms  de¬ 
scribing  the  effect  of  lattice  dilation,  which  are  of  the  form  (  9E  /3p)  .  In 

8  x 

order,  therefore,  to  correlate  the  experimental  results  of  this  study  with  any 
theory  of  hi  g  a  -  t.  cm  pc  r  at  u  r  e  behavior,  measurements  of  the  isothermal  vari¬ 
ation  of  gap  with  pressure  should  !,  e  made  as  well. 

The  frequency -indeoendent  high-terr.perature  absorption  (cf.  ftg.  12) 
can  be  uttrfbuted  to  free  cai  rier  absorption  according  to  the  theories  of  Drude- 
Kronig  -  Zener .  The  absorption  coefficient  and  conductivity  due  to  free  car¬ 
riers  in  nonmagnetic  media  is 


1  *o  f  -ll 

n  '  nc  ”  l171.!’ 

i  +  (iftini)2 

'  C  ' 

=  2n^ux^  a  Nep  [ohm  ^  m  ’] 


(5) 


\vrfere  the  low-frequency  conductivity  and  the  other  symbols  have  the.ir  con- 
ve  itional  meanings. 

If  (gim!)/t  <  1,  no  significant  wavelength  dependence  can  be  expected.  Th 

i3)  Cf.  F.  Seitz,  "The  Modern  Theory  of  Solids,"  McGraw-Hill  Book  Co.,  ive  w 
York,  1940,  p.  638. 


inequality  may  be  written 


f  2' 

.  n  Lvoit -  sec 
X  [microns] 


(—  )  < 
rrt  ' 


’  (o) 


The  Hal;  mobility  n  of  electrons  in  slightly  reduced  rutile  crystals  and  cer-  - 
amics  is  <  10  4  [  m^/volt  -  sec  ]  and  decreases  with  increasing  temperature.^4^ 
Using  the  relation  for  the  variation  of  mobility- with  temperature^  due  to  lattice 
scattering 


s  OC  T 


-3/2 


(7) 


(which  should  predominate  at  high  temperatures),  we  estimate  that  the  mobility 
at  1000°C  should  be  <  10  J  [  m^/volt -sec  ]  ,  Ass  uming  an  effective  mass  be¬ 
tween  1  and  10,  we  see  that  the  inequality  is  obeyed.  For  this  limit  the  absorp¬ 
tion  coefficient  is  approximately  constant  and  equals 


[™‘] 


a  IQ'1  (los10e)  r  , 

•fr  ^  r  ^[ohm  m 


n«  c 
o 


-1]  x  0. 


63 


(8) 


for  njj  =  2,  6. 

Observed  is  an  absorption  coefficient  a1  =  0,42  cm  '  at  10Q0°C,  leading 
to  a  conductivity  (cf.  Eq.  d)  of  0.67  ohm  *  m  '.  Cronemsyer  rtjinrU-a  value  of 
uo(|  - "0 . 77  ohm  m  *  at  10PO°C,  At  800UC  the  optically  measured  o'  a  0,  03  + 

0.2  cm  Ogives  an  order  -of-magnitude  agreement  with  Croncmeyer 's  value  tr^  = 
0,04  ohm  *  m  The  correlation  is  surprisingly  good;  there  was  no  a  priori 
reason  to  expect  that  lattice  and  impurity  scattering  would  produce  a  mobility 
in  the  infrared  equal  to  the  d-c  mobility. 

t  ,  _  _  _  -  _  I  - 

We  have  viemor.sirated  that  the  bands  at' 3300  cm  *  arise  from  the  presence 
of  hydrogen  in  the  laii'ct  and  correspond  to  O-H  stretching  vibrations.  There  is 


24)  R.  C.  Breckenridge  and  W.  R.  Hosier.  Phys.  Rev.  jTl,  793  (1953). 

25)  H.  Y.  Fan,  Phys.  Rev.  82;  900  (1951). 
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probaolv  ;<n  organized  system  of  hydrogen  bonded  to  the  oxygen  of  the  rutile  lat¬ 
tice:  a  weak  hydrogen  bonding  may  be  indicated  by  the  splitting  of  the  band  into 
two  absorptions  at  3277  and  3322  cm  ^ .  The  O-H  valence  frequency  (e.g., 
methyl  alcohol  3682  cm  '  and  solid  L  OH  3678  cm  has  been  generally  observed 
in  condensed  phases  shi fted  toward  longer  wavelengths.  The  shifts  found  here, 
however,  are  unusually  large  and  may  be  partly  caused  by  the  large  dielectric 
constant  of  rutile.  It  may  be  noted  that  these  bands  are  unusually  sharp  for  O-H 
absorptions  in  the  solid  state. 

...  Interpolating  from  the  theory  and  from  results  obtained  on  other  hydrogen- 

27) 

bonded  systems,  '  we  can  estimate  from  the  sliift  in  O-H  frequency  that  the 
H-bond  energy  is  about  3  kcal/mole.  There  is  a  relationship2®^  between  the 
change  of  dipole  moment  with'  the  normal  co-ordinate  dp/  dr,  the  number  of 
oscillators  per  cm^  N,  and  the  integrated  absorption  coefficient  A  (cm  2 ). 


N  =-..nlT  A  (1.  975)xl021, 

(If) 


where  m  is  the  reduced  mass.  Estimating  dp/  dr  from  its  value  in  hydrogen- 
bonded  phenols,  2y  we  calculate  that  there  are  1.  5  x  1017  O-H  groups  per  cm3  in 

the  sample  of  Fig.  7.  Other  samples  shewed  the  same  ordcr-of-magnitudei - 

The  substitution  of  deuterium  for  hydrogen  should  shift  the  frequency  of 
vibration  in  the  ration  u^/k^  =  1.37.  The  numerical  value  was  obtained  by  as¬ 
suming  that  the  vibration  was  normal  and  that  the  reduced  mass  was  to  be  com-' 
puted  with  the  mass  of  oxygen.  A  further  assumption  was  that  the  same  force 


26}  L,  Kellner,  Kepts.  Pro 

27)  E.  R.  Lippincott  and  R .  Schroeder,  J.  Chem.  Phys.  23,  1099  (1905). 

28)  R.  D.  Waldron,  Phys.  Rev.  99_,  1727  (1955). 

29)  H.  Tsubomura,  J.  Chem.  Phys.  24,  927  (1956). 
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constant  coaid  be  used  for  both  vibrations,  since  X-ray  evidence’^.  showed 
that  for  weak  hydrogen  bonds,  such  as  ir.  ice,  the  intermolecula.  -distance  is 
the  same  for  O-D  and  O-H.  We  may  therefore  assume  that  the  potential  ener¬ 
gies  are  practically  equivalent.  The  experimentally  determined  ratio  is 

Ujj/Ujj  a  1.32-  confirming  the  existence  of  hydrogen  in  the  lail'ce;  _  - 

The  activation  energy  of  the  dielectric  dispersion  discovered  in  rutile*^ 
might  lead  one  to  expect  an  optical  absorption  near  3000  cm  * ,  This  would 
correspond  to  the  absorption  of  hydrogen-bonded  character  hern  foc.-.d,  which 
might  allow  dipole  orientation  by  inversion. 

The  dielectric  dispersions  have  the  property  of  being  strongly  polarized 
with  respect  to  the  direction  of  the  electric  vector.  The  infrared  absorption 
of  the  O-H  group  is  polarized  by  90°  to  the  dielectric  dispersion.  This  cor¬ 
relation  should  be  studied  further;  since  we  have  shown  that  the  hydrogen  can 
be  driven  out  of  the  crystal,  the  relation  between  both  effects  can  be  investi¬ 
gated  tn  detail . 
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